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SUMMARY
NASA's Langley Research Center and General Dynamics have
jointly conducted investigations of advanced fighter wing concepts
since 1973. The design philosophy used in these joint investiga-
tions has been to obtain the best possible transonic maneuver
capability from low-aspect-ratio fighter wings that have thin

airfoils in order to preserve good supersonic acceleration,

The design and test of a supercritical '"sloped-rooftop" concept
is presented within this report.

The design of the SMF-1 wing progressed in three stages.
These stages were the (1) selection of a planform, (2) design of
the airfoil shape, and (3) design of the wing spanwise contour
variations. A planform was selected that was capable of producing
a design 1ift coefficient of 0.90 without buffet at Mach 0.90.

The airfoil shape that could produce the desired "sloped-roccftop”
chordwise pressure distribution was designed with the 2-d viscous
Garabedian and Korn procedure. The spanwise variations in camber
and twist required to preserve the desired pressure distribution
élong the wing span were desiéned with the 3-D Jameson procedure.

Test results on the SMF-1 wing on a NASA fuselage indicated
significant aerodynamic improvements. An improvement in sustained
lift at Cg of the F-100 engine was found for the SMF-1l over a
variable-czgger wing previously developed jointly by NASA and

General Dynamics. This improvement was approximately 7% better than
_Fe
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conventional hinged flaps on a similar planform. This SMF-1 wing

also had less drag creep and higher CL's before the onset of
buffet than the previous variable camber wing .,

An analysis of pressure data and oil flow photographs on the
SMF-1 wing indicated that trailing-edge flow separation was limit-

ing the aerodynamic improvements. Attempts to delay this separa-

tion by use of vortex generators and by altering the trailing-

edge camber were unsuccessful.

Further refinement of the theoretical design process used for

t MF-1 wi is w d f the favorable test results.
he sgg_}w ing is warranted because o

The wing pressure data indicated that a true '"sloped rooftop" distri-
bution was not achieved. More recently developed transonic computer
codes need to be evaluated todetermine their usefulness for transonic
wing design.
\% ,;ﬁnyhe success of the SMF-1 wing can be attributed to its
;> avorable combination of camber and twist. Verification of the

\| favorable effects of the airfoil shape alone is needed to vali-

N

.date the usefulness of the "sloped-rooftop" concept. This

4

suggests testing of an untwisted wing in addition to the

‘'wing with optimum twist. The supersonic penalties associated

with the required twist also need to be identified.

d bw&n‘b"w"’i v
f -
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1. INTRODUCTION

Since initiation in 1973 of a joint NASA/General Dynamics
program of research in advanced fighter wing concepts, several
transonic technology concepts have been investigated. These
experimental investigations were primarily concerned with thin
wings of moderate aspect ratio (3 to 4) and leading-edge sweep
(30 to 55 degrees). Variable-contour camber was one such concept
that indicated a potential improvement in transonic maneuver
capability and was reported in References 1l-5. VZ

A variable.camber wing labeled W18 was experimentally developed

in cooperation with Ted Ayers of NASA Langley Research Center in the
Langley 8-foot tunnel. The design philosophy was to start with a
thin, flat wing for good supersonic characteristics and to provide

the capability for variable camber in the leading- and trailing-

edge regions. The contoured flap segments for wing W18 had been
E SUnLhRrtEC = =5-718 SRR 2

experimentally optimized for high transonic maneuver in the

cambered configuration at discrete Mach numbers (kei. 4).

(:) The experimental investigations with wing W18 and similar

variable contour wings failed to sﬁow sufficiently compelling
aerodynamic improvements to justify the added mechanical complexity

of a variable contour maneuver flap system (Ref. 5). For this reason, it
was decided in 1976 to begin a different approach to the transonic

wing design problem. The use of variable camber was not discarded ,



but the previous design restrictions (i.e., variable camber restricted

to leading- and trailing-edge regions) _had to be removed if more

sizable improvements were to be found.” The process of experimentally

developing the desired contour shapes had also proven to be time

consuming, expensive, and difficult.

Recent developments in viscous flow computer procedures appeared
to be an attractive addition to the experimental "tuning" process
used to design previous variable camber wings. If these theoretical
Procedures could be used to define the chordwise and spanwise camber
variations that would produce the flow properties desired by the
aerodynamicist, the experimental phase could be used to verify and
final tune the wing aerodynamic characteristics. With this in
mind a cooperative NASA/General Dynamics wing design was initiated
in 1976. The resulting wing design,which was designated SMF-1
(Supercritical Maneuver Fighter Wing),was reported in Reference 6.
This report reviews the design of the SMF-1 wing and documents the

significant experimental results obtained to date.




2. REVIEW OF SMF-1 WiNG DESIGN

One of the goals that aerodynamicists strive for in
transonic wing designs is the prevention, delay, or control of the
formation of drag- and buffet-producing shocks. The concept of
the ""sloped-rooftop'" wing was a wing shape which produces a
chordwise, sloped pressure distribution that allows the flow to
reach the critical flow condiricns over the entire surface without
creating a strong shock. Ideally this type of pressure distribution
allows the wing to generate its maximum lift load before shock-
induced separation and the associated increase in profile drag
occur. The result would be a wing with superior transonic
maneuverability characteristics.

As reported in Reference 6, the design of the ''sloped-rooftop”
supercritical wing proceeded in three phases: planform development,
airfoil development, and wing contour_development. A thin wing
(t/c=.0425) that could produce a lift coefficient of 0.90 without
inducing buffet at Mach 0.90 was the design criteria for selection
of a wing planform.

By defining the desired.static pressure distribution corres-

ponding to critical flow conditions (i.e., local Mach number = 1.0),
as shown in Figure 1, and integrating this distribution over the

wing planform, it can be shown that the design 1lift coefficient
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is a function of the‘planform shape (i.e., ~. , A, and A ), t/c,
and My . Therefore, the planform shapes that are capgble of pro-
ducing a buffet free lift coefficient of 0.90 at a freestream Mach
number of 0.9 can be defined as shown in Figure 2 for a thin wing.
It is interesting to note in Figure 2 that a family of forward
swept wings which can potentially develop the design lift coef-
ficient ,is defined in addition to the conventional aft swept wings.

The planform selected for the SMF-1 wing design had an aspect
ratio of 3.26, taper ratio of 0.2142, and leading-edge sweep angle
of 45 deg.This planform shown in Figure 3 was selected because it
was a typical fighter type planform; it fell within the parametric
family of desired planforms defined in Figure 2, and it was com-
patible with the variable camber wings previously tested as
discussed in Reference 6.

With the desired pressure distribution defined as shown in
Figure 1 and the planform shape selected as shown in Figure 3,
the next phase of the SMF-1 wing design was the definition of an
airfoil shape that could produce the desired pressure distribution.
At this point the design process r?quired a theoretical
tool to match an airfoil shape with the desired pressure distribu-

tion.

The Garabedian and Korn 2D, viscous computer procedure.des-

cribed in Reference 7,was selected as the tool to design an airfoil
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section that would produce the target éressure distribution at

Mach 0.9. The joint NASA/General Dynamics design effort

to define this airfoil shape is discussed in more detail in

Reference 6. The selected airfoil shape and the predicted

pressure distribution for this shape are shown in Figure 4 (Reference 8).
The final phase of the design process was the definition of

the spanwise wing contour variation needed to align the pressure

isobar's sweep angle with the local wing sweep angle. The design

objective was to preserve the desired ''sloped-rooftop' pressure

distribution along the entire wing span. The three dimensional

Jameson wing-design computer procedure described in Reference 9

was primarily used to help design the spanwise wing contour
variation. The results of the Jameson procedure were used to
provide design guidance to select the wing twist and airfoil
camber modifications needed to align the isobar sweep with the
local sweep angle.

The resulting spanwise contour variations included a nonlinear
wing twist pattern and spanwise camber line variations. The selected
airfoil shape was applied at the wing midspan and the required wing-
root and tip camber line modifications are shown in Figure 5. The
Jameson procedure predicted that approximately 13 deg of twist was
needed. This value of twist was reduced to 9.1 deg for the final
SMF -1 wing design in order to reduce the anticipated supersonic

penalty for such a high degree of twist.
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The upper-surface pressure distributions for the
SMF-1 wing predicted with the 3-D Jameson procedure are shown in Figure 6.
It is interesting to note that the Jameson procedure predicted
more of a '"flat -rooftop” pressure distribution in lieu of the
desired "sloped-rooftop'" distribution. The two theoretical codes
used to design the SMF-1 wing were thus in disagreement over the L0

e
N
shape of the chordwise pressure distributions. The relative v ;yﬁwwét

2

. . . . . . o
success in theoretically aligning the isobars with the local

sweep angle may be gauged by comparing the location of the rear
pressure peak as shown in Figure 6. There was a slight tendency
for the isobars to unsweep as one proceeds outbecard; however,
the design objective was reasonably achieved. |

The problem in converting the 2-D pressure distributions into a
3-D distribution may be due to the nature of low aspect-ratio wings.
The flow over a low-aspect-ratio wing does not lend itself to a 2-D

nalysis as attempted on the design of the SMF-1 wing. The airfoil

sections for this type of wing probably need to be totally designed

with a 3-D theoretical code.

10




3. SMF-1 TEST RESULTS

Three test entries have been made to date with the SMF-1

wing in the Langley 8-foot transonmic wind tunnel. Both force

and pressure data were obtained. The significant results and
aerodynamic characteristics of the SMF-1 wing are press&fed within
this report. The iniﬁial tunnel entry (LRC-8-78§3 was m;ée to
determine the basic aerodynamic characteristics of the SMF-1 wing.
The two subsequept entries (LRC-8-802 and LRC-S-BlO) were made in
an attempt to improve those characteristics with vortex generators
and bendable flaps and to obtain the effect of decambering the
leading- and trailing-edge flaps. :

The SMF-1 wing was tested on a NASA fuselage that was similar
td the F-16 fuselage as seen in the model photographs in Figures
7(a), 7(b), and 7(c). The model was tested without strakes and
without wing-tip missiles. The SMF-1 wing was scaled to 1/15 of
its projected full-scale size. The dimensions of the wing are
presented in Table 1 and compared to the previous variable-camber
wing (W18).

Drag polars for the SMF-1 wing at Mach 0.60, 0.80,
0.85, 0.90, 0.92, 0.95, 0.975 and 1.20 are presented in FiEures

8(a) thru 8(h). All of these polars are for the model with the

horizontal tail off. At Mach numbers where comparable data exists ,

the polars for wing W18 are included. In Figures 9(a) and 9(b) the —>go o p2¢

11
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Figure 3(b) - SMF-1 Drag Variation With !ach iJumber, High CL
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Figure 9(b) SMF-1 Drag Variation With Mach Number, High CL
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variation in drag with Mach number for the SMF-l wing is shown at

constant values of 1ift. The drag variations for wing W18 are

included at two values of CL for comparison. The drag of the
SMF-1 configuration is consistently less than the drag of W18
at all Mach numbers tested. Lirgomemoneent gogtt G2

v
-+
\,0”

Wing root bending moments were also measured on the SMF-1

wing in order that the buffet characteristics of the wing could be

X quantified. Bending moments for the SMF-1 wing are shown in

< ingure 10 as a function of CL' The onset of buffet was defined
S —— — T ——— T T e e

?
{! as'the CL where the rate of change of bending moment with lift
H

pm—

\? was equal to 0.0004! This point is marked in Figure 10 and is
»

A}
éi}@ shown as a function of Mach number in Figure 1l1.

£
ﬁ
¥ The drag and buffet characteristics of the SMF-1 wing are

P
Q; -
- summarized in Figure 12. The drag polar comparison between the
SMF-1 wing and W18 wing is repeated to show the increment in

sustained lift at the Co of the F100 engine. At this point
MAX :
the increase in sustained lift is 0.037 for the SMF-1 wing above
W1l8. Wing W18 had previously been shown to generate an increase
in sustained 1lift of 0.01l5 above cbnventional -hinged-type flaps.
Therefore, the SMF-1 wing is indicating a total increment in
sustained lift of 0.052 above conventional flaps,which is a 7%
ot
increase.

“ftyﬂah@#Also shown in FiEEre 12 is a comparison of the variation in

~ drag versus Mach number between the SMF-1 wing and the W18 wing
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.

é t CL = 0.60. The drag creep or the increase in CD at CL = 0.60
e~

between Mach = 0.60 and Mach = 0.85 is 19 counts for SMF-1l and 62

counts for W18. A lift coefficient of 0.60 was selected for this
comparison because it is below the CL where flow separation begins;
é%s?éit is high enough not to penalize either wing for their high
camber. The range of Mach numbers was defined between 0.60 and
0.85 so as to avoid any drag rise as opposed to drag creep.

The lift coefficient for buffet omset is shown in Figure 12
as a function of Mach number. This is included to show that the
SMF-1 wing achieved its design goal of a buffet free lift coef-
ficient of 0.90 at Mach 0.90.

The drag difference at the design point of Mach 0.9 and a CL
of 0.91is 211l counts between the SMF-l and W18 wings. The large
difference in drag between SMF-1 and W18 appear to be due to two
primary causes. The SMF-1 wing has much less drag creep than W13

and a much higher CL for the onset of flow separation. The onset
e ————

of significant buffet signals the onset of flow separatioea-
B e iz kelhd dodn

s
I The differeﬁé;/in the CL for buffet onset between SMF-1 and

b
<

S

Fx® )W1l8 is probably due in part to the difference in their respective
>

s

~

o twists. Wing W18 did not have any twist;whereas SMF-1 had a large twist
of 9.1 deg at the tip. The increased twist on SMF-1 contributes to the

high values of C, for buffet onset. These buffet results,

from the root-bending-moment gages were confirmed by an analvsis

——
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of the pressure data on the SMF-1 wing and by the oil flow pictures.

The onset of flow separation and thus buffet can be identified from
each of these sources. This data will be discussed later in the
report.

The relative aerodynamic efficiency as indicated by the

parameter M(L/D)MAX is compared in Figure 12 for the SMF-1 and W18
wings. The SMF-1 wing is seen to have a maximum value of 9.5 as

opposed to 8.64 for the W18 wing.

The SMF-1 was tested with the leading- and trailing-edge fiaps
uncamberd to identify the drag penalty due to the camber designed
into the wing box that cannot be removed with the flaps. 'IE wvt"\ \’Pﬂ
minimum drag.of the SMF=1 wing with flaps uncambered is compared
iE_EiEEEﬂ—liiﬂiﬁh—ﬁhé‘Wl8 wing in its uncambered shape. Because Q’ﬂ;ibJ;

the camber of the W18 wing was restricted to the flap region, the

W18 wing,as shown in Figure 13 jhas all of the camber removed. <“4f’
As seen in Figure 13 there is approximately a 10 count penalty
in minimum drag across the Mach range tested for the camber and
twist in the SMF-1 wing box.
As previously mentioned,presiure data were measured on the
SMF-1 wing at five span stations. These data wereintegrated to
obtain wing sectional lift coefficients. Sectional lift coefficients
and leading edge pressures are shown in Figure 14 at Mach

0.90. The onset of flow separation on the wing can be identified
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in these data. A breakdown in the sectional 1ift coefficients is

noted first in the most outboard span stations. This is the onset

B
of flow separati the rear ion of the wing tip. This j;yl Qp

separation was verified with the wing oil-flow photographs/ \°° f;’:f ,;2«

’ &
A further breakdown in the lift coefficients 1S/ﬁoted with f

-/

increasing angle of attack. This is identified §§,§_&f§f§2§\f§§?o*§g§o
separation from the leading-edge pressures included in Figure 1l4. tp b
Chordwise pressure data at three span locations are presented°¢1i
in Figure 15 for the SMF-1 wing. These data are at Mach Chd
0.90 and a lift coefficient near the design point. The dis-
tributions as predicted by the 3-D Jameson procedure are included
for comparison. The experimental distributions tend to form a
"flat rooftop'" distribution as predicted by the Jameson procedure
instead of the desired '"'sloped rooftop' distribution predicted
by the 2-D Garabedian and Korn procedure.
0il flow photographs for the SMF-1l wing at Mach 0.90
for angles of attack from 6 to 14 deg are shown in Figures 16(a)
thru 16(f). There is a small amount of trailing-edge separation
at the lower angles of attack. As, angle of attack is increased,
this trailing-edge separation becomes progressively worse in the
wing tip region. At the higher angles of attack it is evident

that the separation in the wing tip region has moved to the leading-

edge.
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Figure 16(a) 0il Flow Photograph of SMF-1 Wing at 0.90 Mach
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Figure 16(b) Oil Flow Photograph of SMF-1 Wing at 0.90 Mach
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Figure 16(c) 0il Flow Photograph of SMF-1 Wing at 0.90 Mach
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Figure 16(d) 0il Flow Photograph of SMF-1 Wing at 0.90 Mach
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Figure 16(e) 0il Flow Photograph of SMF-1 Wing at 0.90 Mach
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Figure 16(f) 0il Flow Photograph of SMF-1 Wing at 0.90 Mach
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In subsequent tests of the SMF-1 wing several attempts were
made to delay the trailing-edge separation thus further improving the
wings aerodynamic characteristics. Basically these attempts-
involved modifying the trailing-edge camber and the addition of
vortex generators to the wing's upper surface.

A set of bendable trailing-edge flaps was tested on the
SMF-1 wing so that the camber shape could be "tuned" to a more
desirable shape. The effect of these trailing-edge camber modifi-
cations on the SMF-1 drag polar at Mach 0.90 is shown in
Figure 17. Note that at the condition corresponding to CT of

MAX
the F100 engine, the camber modifications caused a loss in sustained

1lift. Also no improvement is found at the design 1ift coefficient

of 0.90. At the higher CL's some improvement is noted in the CL

for polar break.

Vortex generators on the upper wing surface were also tested
on the SMF-1 wing. The size and location of these vortex generators
were varied in an attempt to find a advantageous location or combina-
tion. These attempts at Mach 0.90 are shown in Figures

18(a) thru 18(c). No significant improvements were discovered.
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4. CONCLUSIONS

Significant transonic aerodynamic improvements have been
demonstrated with the SMF-1 wing design. These improvements
are due to the SMF-1 camber and twist combination.

These aerodynamics improvements in maneuver drag (7% higher

Cp sustained) and cruise M (L/D)max (10% higher) are compelling
enough to justify identifying how much of these gains can be
retained by using scheduled flaps and tailored aeroelastic
twist under load on the SMF-1 wing box.

Additional refinement of the design will probably be required
to make the aerodynamic improvements compelling enough to
warrant the design difficulties associated with variable camber.
Although the SMF-1 did produce a very successful pressure
distribution, the design evolution of the SMF-1 wing did not
produce a '"'sloped rooftop" pressure distribution. A more re-
fined 3-D design process is apparently required to produce

such a pressure distribution.

The flow on SMF-1 is attached up to quite high Cp's until the

buffet-onset is finally indgced by wing trailing-edge boundary
layer separations.

Vortex generators and bendable flaps were used unsuccessfully

in an attempt to further increase the buffet onset CL'
Sufficient data were not available to separate the improvements
due to twist from those due to the airfoil contour.

The 3-D Jameson procedure appears to be a promising tool for

future design work.
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5. RECOMMENDATIONS

How.much of these gains can be retained with the use of simple
leading and trailing edge flaps and aeroelastic twist with

the SMF-1 wing box should be identified.

The SMF-1 wing should be tested on the F-16 fuselage in order
to evaluate its performance relative to other advanced wings
designed for application to the F-16. -—)
The supersonic drag of the SMF-1 wing with optimum up-rigged
flaps and reduced twist due to aeroelastic deflections should
be evaluated experimentally in order to determine what, if any,
supersonic penalty exists relative to other advanced wings
designed for application to the F-1€.

Further development of the theoretical wing design procedure
used for the SMF-1 airfoil is warranted. |

The aerodynamic improvements due to twist alone need to be
separated from those due to airfoil shape. The optimum de-
sign should combine the improvements due to both; however,

the realtive importance of the two needs to be identified.

The relative merits of avaifable transonic computer codes

need to be identified. This task is currently being investi-
gated at General Dynamics, and the results will soon be

published.
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